Flying insects are able to fly smartly in an unpredictable environment. It has been found that flying insects have smart neurons inside their tiny brains that are sensitive to visual motion also called optic flow. Consequently, flying insects rely mainly on visual motion during their flight maneuvers such as: takeoff or landing, terrain following, tunnel crossing, lateral and frontal obstacle avoidance, and adjusting flight speed in a cluttered environment. Optic flow can be defined as the vector field of the apparent motion of objects, surfaces, and edges in a visual scene generated by the relative motion between an observer (an eye or a camera) and the scene. Translational optic flow is particularly interesting for shortrange navigation because it depends on the ratio between (i) the relative linear speed of the visual scene with respect to the observer and (ii) the distance of the observer from obstacles in the surrounding environment without any direct measurement of either speed or distance. In flying insects, roll stabilization reflex and yaw saccades attenuate any rotation at the eye level in roll and yaw respectively (i.e. to cancel any rotational optic flow) in order to ensure pure translational optic flow between two successive saccades. Our survey focuses on feedback-loops which use the translational optic flow that insects employ for collision-free navigation. Optic flow is likely, over the next decade to be one of the most important visual cues that can explain flying insects' behaviors for short-range navigation maneuvers in complex tunnels. Conversely, the biorobotic approach can therefore help to develop innovative flight control systems for flying robots with the aim of mimicking flying insects' abilities and better understanding their flight. 
The biorobotic approach: a transdisciplinary approach
While the biological substrate has not yet been fully identified (Webb and Wystrach, 2016) , the biorobotic approach is particularly useful both in the fields of Neuroscience and Robotics (Beer et al., 1998; Franz and Mallot, 2000; Webb, 2001 Webb, , 2006 Landgraf et al., 2010; Srinivasan, 2011; Floreano et al., 2014; Ijspeert, 2014; Franceschini, 2014) , because the robotic model can be tested in similar experimental conditions like ethological experiments and suggest new biological hypotheses. From these iterations between robotic and ethological experiments, we can remove uncertainties about the navigation model by considering the minimum requirements to perform navigational tasks (e.g. : Franceschini et al., 1992; Lambrinos et al. (2000) ; Horchler et al. (2004) ; Franceschini et al. (2007) ; Roubieu et al. (2014); Hartbauer (2017) ). The biorobotic approach enables us "to kill two birds with one stone", because it yields elegant robotic solutions which require far fewer sensors, computational resources, and storage capabilities than conventional robotic approaches, while providing a possible explanation for free-flying insects' abilities to travel safely through an unknown environment, thereby suggesting functions in the biological substrate.
This review provides an overview of optic flow-based collisionfree strategies with a biorobotic viewpoint. Flying insects rely heavily on optic flow to detect and avoid obstacles in an unpredictable environment, consequently a focus will be drawn on optic flow-based strategies. Over the last 25 years, a huge amount of research into optic flow-based robotics has been carried out to achieve a better understanding of how insects may exploit optic flow during their flight. We will exhaustively describe this research in this review. In Section 2, optic flow will be introduced as a visual cue which depends on both the environment's configuration and the animal's own movement. In Section 3, the biological substrate of optic flow sensing in flying insects will be introduced. In Section 4, the chicken-and-egg problem of translational optic flow will be posed. In Sections 5 and 6, optic flow-based strategies either in the horizontal plane or in the vertical plane will be respectively detailed. In Section 7, the other visual cues explaining insect flight will be introduced. In Section 8, a conclusion will be drawn suggesting the possibility of bioroboticists using insect-sized robots to test biological hypotheses at the scale of a flying insect.
What is optic flow?
The optic flow vector field perceived by an agent (an animal, a robot, or a human) is particularly dependent on the structure of the environment (Gibson, 1950; Whiteside and Samuel, 1970; Nakayama and Loomis, 1974; Koenderink and van Doorn, 1987; Krapp Hengstenberget al, 1996) . Optic flow can be defined by a vector field of the apparent motion of objects, surfaces, and edges in a visual scene caused by the relative motion between an agent and the scene (Fig. 1) . The optic flow field u ! (1) is the combination of two optic flow components: a translational optic flow u T ! and a rotational optic flow u R ! ( Koenderink and van Doorn, 1987) .
Rotational optic flow depends only on the agent's own rotations. However in the horizontal plane, translational optic flow, which describes the front-to-back motion occurring when the agent moves forward, depends on the ratio between the relative linear speed V and the distance D 4 from the contrasting objects of the environment, and the angle 4 between the gaze direction and the speed vector (2).
Translational optic flow (2) is particularly interesting for shortrange navigation because it depends on the ratio between (i) the relative linear speed of an object in the scene with respect to the agent and (ii) the distance from obstacles in the surrounding environment: this visual angular speed cue does not require either speed or distance measurement (2).
How are flying insects sensitive to optic flow?
In flies, the third optic ganglion, called the Lobula Plate, appears as a genuine "visual motion processing center". It comprises approximately 60 uniquely identifiable neurons, the Lobula Plate Tangential Cells -LPTCs-neuron e that respond to the optic flow pattern resulting from the animal motion, and transmit the signal via the neck to thoracic interneurons (Hausen, 1982; Strausfeld and Bassemir, 1985; Krapp and Hengstenberg, 1996; Krapp et al., 1998; Borst and Haag, 2002; Egelhaaf and Kern, 2002; Strausfeld, 2012) (see also review Taylor and Krapp (2007) ). The LPTCs are large-field collator neurons that pool the input signals from many retinotopic "Elementary Motion Detectors" (EMDs) (Hausen, 1982; Borst and Haag, 2002; Egelhaaf and Kern, 2002) . By integrating these input signals, and through lateral interactions within the bilateral Lobula Plate system (Hausen, 1982; Farrow et al., 2006) (Fig. 1) , LPTCs have complex receptive fields fitting with optic flow-field patterns induced by different flight maneuvers (Krapp and Hengstenberg, 1996; Krapp et al., 1998) . LPTCs-neuron are involved either in the detection of rotational optic flow patterns (e.g., HS-and VS-neurons Krapp and Hengstenberg (1996) ; Krapp et al. (1998) ; Taylor and Krapp (2007) ) or translational optic flow patterns (e.g., H1-neuron Franceschini et al. (1989) , Hx-neuron Krapp and Hengstenberg (1996) ; Krapp et al. (1998) , or HSE-and H2-neuron in Farrow et al. (2006) ). In flies, LPTCs also respond to local visual motion: an apparent motion in front of only two photoreceptors is necessary and sufficient to elicit a consistent activity of the H1-neuron (Franceschini et al., 1989) . This local sensitivity seems to be based on the early separation of ON contrast and OFF contrast detection (ON: from dark to bright; OFF: from bright to dark) (Franceschini et al., 1989; Eichner et al., 2011) and seems to be a general principle in motion vision for vertebrates and invertebrates (Borst and Helmstaedter, 2015) . In honeybees, the so-called Velocity-Tuned neurons (VT-neuron) are known to respond monotonically with the visual angular speed (Ibbotson, 2001) .
In locusts, the Lobula Giant Movement Detector e LGMDneuron e is a bilaterally paired motion sensitive neuron that collects local motion measurements coming from the second optic ganglion, called the Medulla, which forms a synapse with the Descending Contralateral Movement Detector e DCMD-neuron e (Rind, 1984; Rind and Simmons, 1992; Rind and Bramwell, 1996) . The DCMD neurons respond robustly to looming objects and are responsible for triggering predator escape and collision avoidance behaviours in locusts (Rind, 1987; Rind and Simmons, 1997; Gabbiani et al., 1999; Rind et al., 2008; Gray et al., 2010) .
The chicken-and-egg problem of the translational optic flow
A given value of translational optic flow is a kind of chicken-andegg problem (2), because an infinite number of couples (speed; distance) lead to the same speed/distance ratio, i.e. the same optic flow value. For instance, an optic flow value of 1 rad/s (i.e., 57 /s) can be generated by an agent moving at 1 m/s at 1 m from an obstacle, or moving at 2 m/s at 2 m from an obstacle, and so on (see Fig. 2 ). To get around the optic flow chicken-and-egg problem, roboticists introduced the assumption prevailing in those days that robots have to measure their own speed by using a tachymeter on Fig. 1 . Optic flow field for a fly flying straight ahead along a corridor produces, through its movement, a vector field of the apparent motion of corridor surfaces. This optic flow field is then processed on a higher level of the visual ganglia, called the Lobula Plate Tangential Cells -LPTC-neurons, so as to correct the flight course. Turns are controlled by the direct connection of two nerves, the HSE LPTC-neuron (right) and the H2 LPTCneuron (left). ©Robert Schorner e PhotoLab/Max Planck Institute of Neurobiology (Farrow et al., 2006) . wheels (Franceschini et al., 1992) , a GPS unit (Griffiths et al., 2007) , or a custom-built pitot tube (Beyeler et al., 2009) , in order to assess the distance from obstacles, then to avoid them. However, flying insects are not able to directly measure their true groundspeed or their distance from obstacles. As far as we know for short-range navigation, insects do not solve the optic flow chicken-and-egg problem but instead use strategies directly based on optic flow patterns or criteria for collision-free navigation.
5. Optic flow-based guidance in the horizontal plane 5.1. Controlling flight speed by regulating the bilateral optic flow
The idea of introducing a speed control system based on optic flow was firstly developed by Coombs and Roberts (1992) in the field of Robotics. The mobile robot, called Bee-Bot, adjusted its forward speed by keeping the optic flow within a measurable range, using a bilateral optic flow criterion to control the robot's speed (Coombs and Roberts, 1992) . The bilateral optic flow criterion (sum of the left and right optic flows) as a feedback signal to directly control speed was first introduced by Santos-Victor and colleagues (Santos-Victor et al., 1995) on-board the bee-inspired mobile robot, Robee. Robee was fitted with a pair of cameras to measure the right and left optic flows in a tapered corridor (SantosVictor et al., 1995) , and its speed control system was tuned by an optic flow-based algorithm. Qualitatively, Robee's speed was scaled by the level of the environment's visual clutter. Bilateral optic flow criterion as a feedback signal to directly control the speed has since been tested on many robots in both straight and tapered corridors (Santos-Victor et al., 1995; Weber et al., 1997; Srinivasan et al., 1999; Baratoff et al., 2000; Argyros et al., 2004; Humbert et al., 2007; Humbert and Hyslop, 2010; Roubieu et al., 2012 Roubieu et al., , 2014 . The desired bilateral optic flow was~12 /s for the Bee-Bot robot (Santos-Victor et al., 1995),~19 /s in (Weber et al., 1997 ),~46 /s in (Baratoff et al., 2000) ,~21 /s in (Argyros et al., 2004 ), 190 /s or 250 /s in (Roubieu et al., 2012 (Roubieu et al., , 2014 . The higher the desired bilateral optic flow, the more rapidly the robot went forward while moving close to the walls.
Conversely, robotic experiments can also suggest similar biological experiments. Bees appear to use a similar optic flow-based strategy to control their flight speed in a tapered corridor (Srinivasan et al., 1996) , or in straight corridors in which the texture had been manipulated (Baird et al., 2005 (Baird et al., , 2006 , or in a complex tunnel (Portelli et al., 2011) (Fig. 3aed) . When a bee flies through a tapered tunnel, it decreases its flight speed when the tunnel narrows, and increases it when the tunnel widens, in such a way that the bilateral optic flow (sum of the optic flow coming from the walls) remains constant at about 430 /s e 640 /s (Srinivasan et al., 1996; Baird et al., 2005) . This observation suggests that bees may be equipped with a kind of optic flow regulator to adjust their flight speed by monitoring and regulating the optic flow perceived by their motion sensitive system (Serres et al., 2006 (Serres et al., , 2008b Roubieu et al., 2014) (Fig. 7) . Consequently, if the corridor width is Fig. 2 . The chicken-and-egg problem of the translational optic flow. An infinite number of couples (speed; distance) lead to the same speed/distance ratio, so the same angular velocity (optic flow magnitude). For instance in this picture an optic flow value of 1 rad/s (or 57 /s). In each case, again (a), (b), (c), the bee's forward speed V f and the distance from one wall are proportional with a high coefficient of determination R 2 > 0.99. In (a) and (c), the bees forward speed V f and its distance from the left wall D L were found to be proportional to each other at all times. In (b), the 1.5 m long central part of the left wall was removed so that only negligible optic flow was generated on the left-hand side. The bee both entered the corridor and received its reward on the right-hand side. Its forward speed and its distance from the right wall turned out to be proportional to each other at all times, as if the bee was not in the least disturbed by the removal of the left wall. Adapted from Ruffier et al. (2007) .
doubled, the bee should fly twice as fast, or if the corridor width is halved, the bee should fly at half the speed. These kind of experiments were performed in a corridor with an abrupt change in corridor width (Baird et al., 2010; Linander et al., 2015) (Fig. 3e) , and showed that bees monitored the optic flow along their lateral viewfield from 23 to 155 to control their flight speed (Baird et al., 2010) (Fig. 3e ).
Optic flow balance hypothesis
25 years ago, the optic flow balance strategy was put forward to explain the bees "centring behaviour" in a narrow tunnel (Kirchner and Srinivasan, 1989; Srinivasan et al., 1991) . This optic flow balance strategy was quickly applied in the field of Robotics (Coombs and Roberts, 1992) due to its Gibsonian point of view (Gibson, 1950) and thanks to its simplicity. The idea of the optic flow balance hypothesis is basically to control the heading (or the lateral position for robots that can directly act on its sway) by means of a course error as a function of an optic flow error ju L j À ju R j, where u L and u R are respectively the maximum optic flow amplitude coming from the left and the right parts of the field of view. Fig. 4 shows trajectories of free flying honeybees in the straight corridor lined with vertical stripes. The arrows at the bottom show the bees' entrance positions (E L , E C , or E R ) and the circles at the top give the position of the sugar water reward (R L , R C , or R R ). Fig. 4a shows the bees' trajectories observed when both the entrance and the reward were centred in the corridor (E C and R C ), the bees can be seen to have flown along the corridor midline, in agreement with honeybees "centering response" (Kirchner and Srinivasan, 1989) . By contrast, bees trained to enter and collect the food near one wall flew close to this wall instead of centering along the corridor midline ( Fig. 4b and c, Serres et al. (2008a) ). Fig. 4d shows the trajectories taken by bees trained to collect a reward placed diagonally opposite to the entrance point (E L and R R ), which involved crossing the corridor obliquely. A "centering response" was again observed in Fig. 4d . The results of these experiments (Fig. 4) show that bees, flying freely along a straight corridor, tend to adopt a flight path that keeps them closer to one of the walls, and do not systematically show a "centering response". In conclusion, the observed behaviour ("centering response" or "wall-following") depends on the initial position of both the entrance and the reward during the bees' training session.
Balancing optic flow in a corridor requires to measure optic flow from both sides. However, if there is only one wall, such a strategy will lead to make "the agent" to drive laterally in order to restore the visual contact with a hypothetical second wall: such a behaviour was not observed on honeybees in this particular case (see Fig. 4e ). However, "wall-following behaviour" was observed to occur in honeybees in a much wider corridor than those previously used, as well as in tunnel endowed with only one wall (Serres et al., 2008a) ; "centering behaviour" was observed when honeybees were trained to enter and to be rewarded along the tunnel midline (see Fig. 4a ). Consequently, "centering behaviour" may occur as a particular case of "wall-following behaviour" by introducing a new optic flow-based strategy due to a Gibsonian point of view.
Unilateral optic flow regulator hypothesis
As we have seen in Fig. 4 , the bees tended to follow one wall at a certain distance rather than "centering" systematically in the corridor. What strategy did the bees use to control their position laterally along the corridor? To answer this question, we analyzed a few trajectories frame by frame, selecting those where the bee made a clear-cut change of speed while crossing the 1.5 m-long observation window of the video camera. Then, the forward speed V f as function of the distances D L and D R from the left and right wall was plotted to detect if there was any relationship showing that the bees relied on translational optic flow. As shown in Fig. 6a , the lateral optic flows perceived by a bee flying in the horizontal plane are the angular velocities at which the features of the environment sweep across the lateral field of view of the two eyes (Fig. 6b) . The bee therefore receives a right and a left optic flow, u R and u L , respectively, which can be defined as follows:
Fig. 5 shows three trajectories (selected among those shown in Fig. 4 ) in which the bee's forward speed V f was observed to change conspicuously. In Fig. 5a , the entrance E L was placed on the lefthand side of the corridor and the reward R R was placed on the right-hand side. The bee's forward speed and the distance D L from the left wall turned out to be proportional to each other throughout the 1.5 m long flight path recorded, as shown in the bottom plot (left part). By contrast, the right part of this same bottom plot (Fig. 5a) shows that the forward speed was not proportional to the distance from the right wall. In Fig. 5b , the bee entered and collected food on the right-hand side of the corridor (E R and R R ), and the central part of the left wall was removed, so that virtually zero lateral optic flow was generated on the left-hand side. This time, it was the bee's forward speed V f and its distance D R from the right wall that turned out to be proportional to each other, as shown in the bottom plot. Fig. 5c gives another example showing that the forward speed V f was proportional to the distance D L from one wall (the left one here, as in Fig. 5a ). In each case, the relationship between the bee's forward speed and the distance from either the left or right wall is almost linear, as indicated by the strong R 2 -value obtained in the bottom plots of Fig. 5 . According to Eq. (3), the slope of the regression line in Fig. 5 (bottom plot) is quite simply the lateral optic flow. In the three cases examined, the optic flow, as given by the slope of the regression line, was worked out at 4.42 rad/s (253 /s) in Fig. 5a , at 3.16 rad/s (181 /s) in Fig. 5b , and at 6.72 rad/s (385 /s) in Fig. 5c . Bees in Fig. 5a and b were therefore found to keep their optic flow at these values with respect to the left wall, whereas those in Fig. 5b did the same with respect to the right wall. The wall followed depended consistently on both entrance and reward positions during the bees' training session.
Dual optic flow regulator hypothesis
The first optic flow regulator was originally developed for ground avoidance when following terrain (Ruffier and Franceschini (2005) ; Franceschini et al. (2007), see Section 6.1). An optic flow set-point is compared to a measured optic flow to provide an error signal, this latter feeding into a regulator controlling a force orthogonal to the direction of motion. The combination of a unilateral optic flow regulator for adjusting the sway movement on either side and a bilateral optic flow regulator for adjusting the forward movement has been called a dual optic flow regulator (Serres et al., 2006 (Serres et al., , 2008b . The dual optic flow regulator concept was originally developed for aerial vehicles endowed with natural roll and pitch stabilization abilities, in which planar flight control systems can be developed conveniently (Serres et al., 2008b) , in order to mimic bees' abilities in the horizontal plane (Kirchner and Srinivasan, 1989; Srinivasan et al., 1991 Srinivasan et al., , 1996 Serres et al., 2008a; Barron and Srinivasan, 2006; Dyhr and Higgins, 2010; Baird et al., 2010; Linander et al., 2015) (Fig. 8) . The dual optic flow regulator was for the first time simulated (Serres et al., 2006 (Serres et al., , 2008b then implemented on-board a 878-gram fully actuated hovercraft called LORA, which stands for Lateral Optic Regulator Autopilot (Roubieu et al. (2012) , (2014); Fig. 7a ). The dual optic flow regulator is based on: i) a unilateral optic flow regulator that adjusts the hovercraft's lateral thrust so as to keep the higher of the two perceived lateral optic flows (left or right) equal to a sideways optic flow set-point (noted u setSide ). The outcome is that the distance to the nearest wall y becomes proportional to the hovercraft's forward speed V f , as determined in (ii); ii) a bilateral optic flow regulator adjusts the hovercraft's forward thrust so as to keep the sum of the two lateral optic flows (right and left) equal to a forward optic flow set-point (noted u setFwd ).
In a steady state, with a given corridor width of D, the final operating point of the dual optic flow regulator will be:
As a consequence, the robot's speed will asymptotically and automatically be scaled by the corridor width or even by the environment clutter (Fig. 7b) . By increasing the forward optic flow set-point u setFwd at a given sideways optic flow set-point u setSide , one can change the robot's forward speed. By reducing the sideways optic flow set-point at a given forward optic flow set-point, one can induce a graceful shift from "wall-following behaviour" to "centering behaviour". "Centering behaviour" occurs as a particular case of "wall-following behaviour", whenever u setSide u setFwd /2. In addition, the dual optic flow regulator requires a third feedback loop to stabilize the robot around its vertical axis, which makes the robot experience purely translational optic flow. The robot heading is maintained constant by a heading-lock system (based on a micro-compass enhanced by a microgyrometer) controlling the rear thrusters differentially in closedloop mode (Roubieu et al., 2014) .
Bio-inspired visuomotor convergence hypothesis
J. Sean Humbert put forward the bio-inspired visuomotor convergence concept during his PhD (PhD thesis Humbert (2005) ); obstacle avoidance and speed control (Humbert et al, 2005c; Humbert et al., 2005a) ; terrain-following (Humbert et al., 2005b) ) explaining how to control a robot solely on the basis of optic flow. This theory is based on the spatial decompositions (Fourier's method) performed by the specific neurons in an insect's visuomotor system (see Section 3) that extract relative velocity and proximity information from patterns of optic flow.
Based on the choice of weighting function by combining the Fourier coefficients, which is an engineering analogue to the directional templates of individual Lobula Plate Tangential Cells -LPTC-neurons, various forms of relative velocity and proximity information can be obtained directly such as the lateral position and orientation or the forward speed relative to corridor-like environments . This resulting information can be applied as feedback to provide robust theoretically justified versions of the centering behaviour and automatic speed adjustment behaviour observed in flying insects. Nevertheless, it was previously demonstrated that the visual stimulation of just one fly's EMD generated a strong response of the H1-neuron, which was about 50% of its full response to thousands of EMDs (Franceschini et al., 1989) . This kind of electrophysiological experiment has demonstrated that the feedback signal coming from optic flow is not as simple as a weighting function of each local optic flow measurement. This kind of nonlinearity has not yet been considered by the bio-inspired visuomotor convergence theory.
In the field of robotics, the bio-inspired visuomotor convergence was applied to a mobile robot fitted with a 1-D circular optic flow sensor providing 40 optic flow measurements (Humbert et al., 2007) . The wheeled robot was able to move at up to 21 cm/s by adjusting its own speed commensurate with the local corridor width (from 2 m to 0.8 m) while following the corridor midline, even if in the presence of a 45 bend (Humbert et al., 2007) . This same robot was able to negotiate a fixed-width 1.2 m corridor comprising a L-junction Hyslop et al., 2010) or in a cluttered obstacle field at a fixed forward speed of 0.4 m/s . Recently, a theoretical proof for stability of the bio-inspired visuomotor convergence theory was demonstrated on-board a quadrotor fitted with an eight-sensor optic flow ring providing 64 optic flow measurements (Keshavan et al., 2014 (Keshavan et al., , 2015 . In addition, an analysis of the robustness and quantification of the level of uncertainty in the Fig. 8 . Summary of the experiments on the bee's behaviours observed in the last 25 years ethological studies (A)e(E) and the various robots equipped with optic flow-based control algorithms: wheeled robots (F)e(I), robotic hovercrafts (J)e(M) and aerial robots (O)e(R). These robotic results show that optic flow-based strategies can be viewed as working hypotheses to explain how honeybees Apis mellifera may control both its speed and position in the horizontal plane of different tunnels. (A) Honeybees' "centring behaviour" in narrow tunnel (Srinivasan et al., 1991) . (B) Honeybees' controlling speed in tapered tunnel (Srinivasan et al., 1996) . (C) Honeybees' "wall-following behaviour" in wide tunnel (Serres et al., 2008a) . (D) Honeybees' "wall-following behaviour" in corridor with a large opening (Serres et al., 2008a) . (E) Honeybees' wind speed compensation behaviour in a wind tunnel (Barron and Srinivasan, 2006) . (F) Wheeled robots exhibiting a "centring behaviour" using right and left optic flows (Coombs and Roberts, 1992; Santos-Victor et al., 1993; Duchon et al., 1994; Weber et al., 1997; Srinivasan et al., 1999; Carelli et al., 2002; Argyros et al., 2004; Hrabar et al., 2005; Kahlouche and Achour, 2007) . (G) Wheeled robots exhibiting speed adjustment using bilateral optic flow (Santos-Victor et al., 1995; Weber et al., 1997; Srinivasan et al., 1999; Humbert et al., 2007; Humbert and Hyslop, 2010) . (H) Wheeled robots exhibiting a "wall-following behaviour" using unilateral optic flow (Dev et al., 1997; Zufferey et al., 2005) . (I) Wheeled robots exhibiting a "wall-following behaviour" using unilateral optic flow in a presence of a large opening (Weber et al., 1997; Santos-Victor et al., 1995) . (J) Hovercrafts exhibiting a "centring behaviour" (Fuller et al., 2011; Roubieu et al., 2012 Roubieu et al., , 2014 . (K) Hovercraft exhibiting an automatic speed adjustment (Roubieu et al., 2012 (Roubieu et al., , 2014 . (L) Hovercraft exhibiting a "wall-following behaviour" (Roubieu et al., 2012 (Roubieu et al., , 2014 . (M) Hovercraft exhibiting a "wall-following behaviour" despite a large opening (Roubieu et al., 2014) . (N) Automatic wind reaction (Roubieu et al., 2014) . (O) Aerial robots exhibiting a "centring behaviour" (Griffiths et al., 2007; Conroy et al., 2009; Keshavan et al., 2014) . (P) Aerial robot exhibiting automatic speed adjustment (Keshavan et al., 2014) . (Q) Aerial robots exhibiting a "wall-following behaviour" (Keshavan et al., 2015; Sabo et al., 2016) . (R) Aerial robots exhibiting a "wall-following behaviour" despite a large opening (Keshavan et al., 2015) . environment (corridor-like environments with additional structures such as small poles, cylinders, or gaps and holes in the corridor) that the closed loop system can tolerate was provided (Keshavan et al., 2014 (Keshavan et al., , 2015 .
Let's compare the bio-inspired visuomotor convergence theory with the optic flow balance strategy that frequently fails in corridors comprising one-sided or openings in a wall; in contrast to the switching mode strategy employed in such environments (Weber et al., 1997; Santos-Victor et al., 1995) , the bio-inspired visuomotor convergence in (Keshavan et al., 2014 (Keshavan et al., , 2015 retains the strategy of balancing lateral optic flows and leverages the stability and performance guarantees of the closed loop to achieve stable quadrotor flight in environments that include a corridor with a large opening in a wall.
Frontal image expansion
Trajectories of flies (Land and Collett, 1974; Schilstra and van Hateren, 1999; Tammero and Dickinson, 2002; Kern et al., 2012; Censi et al., 2013) and bees (Boeddeker et al., 2010) have been found to usually consist of straight flight sequences (lasting 50e200 ms) interspersed with rapid turns termed saccades. Intersaccadic sequences, in which flying insects move in the purely translation mode, enable the LPTC-neurons to assess the purely translational optic flow, which depends on several parameters including proximity information from frontal obstacles.
The optic flow balance strategy was originally suggested to explain the "centering behaviour" along a straight corridor (Srinivasan et al., 1991) . However, it turned out that this strategy, when used alone, did not allow an agent to avoid frontal obstacles, i.e. following a corridor that included L-junctions or T-junctions without using the frontal viewfield (Duchon et al., 1994) . The frontal image expansion can therefore be used to estimate the time-to-contact (Lee, 1976) by means of the optic flow divergence (Nelson and Aloimonos, 1988; Ancona and Poggio, 1993) , and trigger a pre-specified rotation angle around the robots vertical axis. A simulated small helicopter could therefore trigger U-turns when encountering frontal obstacles (Muratet et al., 2005) , or a wheeled robot could trigger a rotating angle of 90 (Duchon et al., 1994) or of 110 (Baratoff et al., 2000) in front of an obstacle, or the robot could stop and rotate on the spot until the frontal range once again became large enough (Weber et al., 1997) . Other robots use a series of open-loop commands, called body saccades, to avoid a frontal obstacle (e.g. in Fig. 10c ). The saccade duration has either been set to a constant pre-specified value (Rind et al., 2003; Zufferey et al., 2005; Zufferey and Floreano, 2006; Badia et al., 2010) (Fig. 10d) , determined according to a Gaussian distribution (Reiser and Dickinson, 2003) , or modulated using optic flow (Barrows et al., 2001; Green et al., 2004; Beyeler et al., 2007; Lindemann et al., 2008; Rezaei and Saghafi, 2011) . Recently, an optic-flow based algorithm has been developed to compute a quantified saccade angle; this has allowed a simulated fully actuated hovercraft to negotiate tight bends by triggering body saccades, on the basis of a time-to-contact criterion and to realign its trajectory parallel to the wall along a corridor that includes sharp turns (Serres and Ruffier, 2015) .
The dual optic flow regulation control scheme, which included a saccade generator, was also tested onboard a simulated version of the LORA Robot (Fig. 7a) in a corridor comprising a 0.8 m-wide Sshaped turn. Starting at various initial positions and orientations, our simulated hovercraft proved capable of successfully traveling along this challenging corridor (Fig. 9b) . Body saccades occurred along the whole S-shaped turn (Fig. 9b) , as also reported by (Kern et al., 2012) in the case of blowflies. To make some quantitative comparisons between insects and our biorobotic approach, a typical robot trajectory (Fig. 9c ) was compared with a typical blowfly trajectory (Fig. 9d) in a similar corridor configuration; similar behaviour was observed in both cases, despite the huge difference in terms of the inertia. Most of the simulated trajectories involved four saccades (Fig. 9e) of various amplitudes ranging between 30 and 90 (Fig. 9f) , which is on a par with the findings obtained from blowflies (Kern et al., 2012) . We also compared the changes with time in the body yaw angle (in the case of the simulated robot in Fig. 9g and that of the blowfly in Fig. 9h ) in an Sshaped corridor, in which 5 body yaw saccades were required to overcome the S-shaped turn. Despite the difference between the time scales in Fig. 9g and h, the body orientation profile was similar in both cases: our biorobotic approach, therefore, yielded a better understanding of this aspect of insects flight.
Centrophobism behaviour has been reported for Drosophila, flies avoid central zone when they are allowed to walk freely in a small square arena (G€ otz and Biesinger, 1985) . Both visual and olfactory cues are implicated in this centrophobism behaviour (Martin, 2004) (Fig. 10a) . The ability to follow the walls of a square arena on the sole basis of visual cue has been tested in simulation by using the same optic flow-based flight control system as developed in (Serres and Ruffier, 2015) (Fig. 10b) . A mobile robot (Fig. 10c) equipped with a pure optic flow-based saccade generator is not able to maintain the visual contact with the walls (Fig. 10d) in comparison with the one equipped with both a dual optic flow regulator and a saccade generator (Fig. 10b) . Optic flow-based strategies could be therefore able to explain how insects maintain their visual contact with the walls to follow them.
6. Short-range navigation by optic flow in the vertical plane Ventral optic flow u x (expressed in rad s À1 ) can be defined by the ratio between forward speed V x and flight height z (Whiteside and Samuel, 1970) as follows:
The ventral optic flow can be used by aerial robots to achieve different maneuvers along the longitudinal axis: take off, terrainfollowing, flying nap-of-the earth, landing, decking (Fig. 12EeH) . 20 years ago, a landing strategy was put forward to explain how a bee could land on flat ground (Srinivasan et al., 1996 (Srinivasan et al., , 2000 . Bees were observed to land on flat ground with a constant descent angle ( Fig. 11A and B) , M.V. Srinivasan and colleagues at the Australian National University therefore suggested a pair of rules for explaining the bees smooth landing on flat ground: i) the forward speed V f is controlled by holding the angular velocity of the image of the ground constant (i.e., holding a constant ventral optic flow u 1 ¼ u 2 in Fig. 11D at 500 /s ± 268 /s (Srinivasan et al., 2000) , ii) making the instantaneous downward speed proportional to the instantaneous forward speed (Fig. 11C) , i.e., holding a constant descent angle in Fig.11A at À28 /s ± 14 /s (Srinivasan et al., 2000) . LORA robot inside a square arena adopting a centrophosbism behaviour by regulating the lateral optic flow combined with a saccade generator as described in Serres and Ruffier (2015) . (c) Khepera robot in a rectangular arena (Zufferey et al., 2005) , ©IEEE (d). Path of the Khepara robot in autonomous steering mode. The saccade angle is constant (90 ) and it is triggered when the optic flow divergence reaches a given threshold (Zufferey et al., 2005) , ©IEEE. Here, without regulating the lateral optic flow, the robot was not able to follow the walls in parallel.
This pair of rules was first implemented in a robotic gantry without including dynamic aspects (Srinivasan et al., 2000) , and subsequently on-board a small fixed-wing aircraft (Chahl et al., 2004) in which the elevator angle was controlled via a proportional feedback loop by holding the ventral optic flow close to~40 / s. During a real closed-loop flight experiment, the small fixed-wing aircraft was seen to slow down from 25 m/s to 15 m/s while losing 30 m in altitude, but experimental results were almost the same with or without the feedback loop, and the craft's altitude was observed to decrease linearly with time instead of exponentially as predicted by the pair of rules (Chahl et al., 2004) . Ventral optic flow was also employed for ground avoidance on-board a Micro Air Vehicle (MAV), the mass of which was lower than 100-gram. A control algorithm based on a "bangebang" method was used onboard a MAV to control its lift such that, if a certain threshold of ventral optic flow was exceeded, the MAV elevator angle would be moved to a preset deflection (glider in Barrows et al. (2001) ; fixedwing aircraft in Green et al. (2004) ).
A small Hirobo Eagle helicopter with an overall mass of 8 kg (Garratt and Chahl, 2008) used its avionics to deduce the height above ground from the ventral optic flow. The above ground height was therefore held constant by adjusting the main rotor thrust: the helicopter was able to follow the terrain at a flight height of 1.5e2 m while flying at speeds ranging from 5 to 8 m/s (Garratt and Chahl, 2008) .
Ventral optic flow regulation hypothesis
In 2003, a 100-gram tethered rotorcraft, called OCTAVE (which stands for Optic flow based ConTrol system for Aerial VEhicles, Fig. 12G ), followed a smooth relief (Ruffier et al., 2003) by using the ventral optic flow regulator principle (Ruffier and Franceschini (2005) , Fig. 13) . A ventral optic flow regulator integrated an optic flow measurement into a feedback loop driving the robot's lift so as to compensate for any deviations in the measured optic flow from a given optic flow set-point (The OCTAVE autopilot in Fig. 13 ). The ventral optic flow regulator ensures that at any given moment the flight height is proportional to the groundspeed. Any increase in the groundspeed leads to an increase in height, so this can lead to an automatic takeoff then terrain-following under visual control. In the same way, any decrease in the groundspeed can lead to an automatic landing at a constant angle under visual control until touchdown at zero speed , as actually observed in honeybees in similar situations (Srinivasan et al., 1996 (Srinivasan et al., , 2000 Srinivasan, 2011) (Fig. 12C, G) . The OCTAVE robot was also able to land, along the longitudinal axis, on a moving platform (Ruffier and Franceschini, 2015) , as honeybees actually do on a moving target (Zhang et al., 1990) (Fig. 12D, H) .
A Vertical Take-Off and Landing (VTOL) aircraft with an overall mass of 0.85 kg (Fig. 12H, H eriss e et al. (2010) ) was able to follow a steep terrain (slope 25%) at a flight height of 1.5 m while flying at 0.3 m/s by regulating the ventral optic flow at~12 /s and estimating its own forward speed by combining both accelerometer and barometer readings (H eriss e et al., 2010) .
Twin dual optic flow regulation hypothesis
With the goal of developing a full optic flow-based autopilot for 3D indoor navigation, the OCTAVE autopilot for ground avoidance (Ruffier and Franceschini, 2005) and the LORA autopilot for speed control and lateral obstacle avoidance (Serres et al., 2008b) have been combined to develop the ALIS autopilot (ALIS stands for AutopiLot using an Insect-based vision System) (Portelli et al., 2010) . The ALIS autopilot consists of two visuo-motor feedback (de Oliveira, 1998; Srygley et al., 1999) . (B) Picture of a honeybee flying in a complex double tapered corridor (Portelli et al., 2011) . (C) Honeybee landing trajectory at a constant slope (Srinivasan et al., 2000) . (D) Honeybee landing trajectory on a horizontally moving target (Zhang et al., 1990) . (E) Free-flying aerial robot following the terrain (Beyeler et al., 2009; Sabo et al., 2016) . (F) Aerial robot (Expert and Ruffier, 2015) and simulated agent (Portelli et al., 2010) following surfaces and adjusting speed in a complex tunnel. (G) Aerial robot landing at constant slope using ventral optic flow regulator (Ruffier and Franceschini, 2005) . (H) Aerial robot landing on the moving platform (Heriss e et al., 2012; Ruffier and Franceschini, 2015) . loops: (i) the speed control loop (along x-axis) based on a feedback signal coming from the maximum value of the bi-lateral or bivertical optic flow; consequently the agent considers the minimum cross-section of the tunnel when adjusting its forward speed, and (ii) a positioning control loop (along y-and z-axis) based on a feedback signal coming from the maximum value of the lateral, ventral, or dorsal optic flow; consequently the distance from the nearest surface (lateral walls, ground, or ceiling) becomes proportional to the forward speed obtained in (i). These two loops work in parallel and are independent; each has its own optic flow set-point. Simulation results (Portelli et al., 2010) showed that an agent was able to navigate safely along a straight or tapered tunnel and to react appropriately to any untoward optic flow perturbations, such as those resulting from the occasional lack of texture on one wall or converging-diverging tunnel sections.
Recently, dual flow optic regulation in the vertical plane was tested on-board a 80-gram rotorcraft called BeeRotor (Expert and Ruffier, 2015) . As a third control feedback loop, an active system of reorientation based on a quasi-panoramic eye constantly realigned its gaze parallel to the nearest surface followed: the BeeRotor robot demonstrated its abilities and achieved automatic terrain following despite steep reliefs (Fig. 14) without a need for inertial frames or scaling sensors (Expert and Ruffier, 2015) .
In the framework of the Green Brain project in progress, managed by James Marshall, a dual optic flow regulator for both speed control and lateral positioning, and a ventral optic flow for altitude control were implemented on-board a small quadrotor (Sabo et al., 2016) .
Ventral image expansion
The expansion of the ventral optic flow can be used for VTOL aircraft. This kind of aircraft is able to take off, hover, and land vertically. If the robot is looking straight down, the ventral image expansion can be computed by the optic flow field divergence V u
), which is equal to:
with z the height above the ground, and V z the ascent speed (axis pointing up). This optic flow divergence can also be expressed in terms of time-to-contact t (expressed in s) (Lee, 1976) :
The ventral image expansion by means of optic flow divergence or time-to-contact allows a VTOL vehicle fitted with a monocular camera and an inertial measurement unit to take off, hover or land vertically without measurement of flight height or vertical speed. Methods using either an enforcement of a decreasing time-tocontact or keeping the optic flow divergence constant have been used in recent landings (Heriss e et al., 2012; Izzo and Croon, 2012; Kendoul, 2014; Alkowatly et al., 2015; de Croon, 2016) , as actually observed in honeybees in similar situations (Baird et al., 2013) . Automatic vertical landing can be achieved using vertical optic flow (the downwards expansion of optic flow) even over a moving platform (Heriss e et al., 2012; Serra et al., 2014) , this kind of maneuver is called a deck-landing and could be useful for any VTOL aircraft wanting to land on the deck of a sea going vessel.
Optic flow is not the only visual cue used by flying insects
In this survey, we are studying on the role of motion during the generation of sensory flow and focusing on how flying insects actively shape information by behavioural strategies. Flying insects mainly use optic flow to achieve navigational tasks; however any animals in their specific ecological niches need to perceive a sensory flow to assess the environmental layout (Hofmann et al., 2013) . We have limited our survey to vision in flying insects, where the optic system is, prima facie, restricted to fixed-focus optics lacking binocular stereopsis (Horridge, 1978) . However in the early 1970s, it was found that the visual axes of the ommatidia were not (Floreano et al., 2013) . (b) Photograph of the experimental set-up. (c) Trajectories of the robot BeeRotor II that automatically follows the ground, thanks to the ventral optic flow regulator and the fixed eye (blue) and decoupled eye (red) oriented parallel to the ground. This reorientation enables the robot, at an earlier stage, to detect the increase in the optic flow due to steep relief. Adapted from Expert and Ruffier (2015) under CC-BY license. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
stationary (see review Viollet (2014) ). It has been observed that the coordinated action of two eye muscles shifts the photoreceptor mosaic located below the facet mosaic, thus concomitantly shifting the photoreceptors' line of sight (Franceschini and Chagneux, 1997) . By using a biorobotic approach, retinal microscanners were incorporated into the eye of several bio-inspired robots, which revealed major benefits in term of hyperacuity and served at the same time to test functional hypotheses about the eye muscles of flies (Viollet, 2014; Franceschini, 2014) . Consequently, the previous hypothesis based on binocular stereopsis, the accuracy of which is restricted in range to a few centimeters (Horridge, 1978; Collett and Harkness, 1982; Srinivasan, 1993) , have to be reconsidered from the hyperacuity phenomenon point of view for specific aerial maneuvers, such as hovering or high-speed pursuit. It has been also demonstrated that flying insects are able to follow stripes on the ground (Lehrer and Srinivasan, 1994) or stripes on the walls (Straw et al., 2010) to control their flight. Moreover, the possibility for any animal to use motion parallax as humans do to assess the threedimensional layout of the environment was also discussed very early (Von Helmholtz, 1867; Gibson, 1958; Lee, 1974; Horridge, 1978; Collett and Harkness, 1982) .
Conclusion
There are plenty of similar results from vertebrates and invertebrates endowed with vision, in particular those which use optic flow-based strategies (Warren, 1998; Duchon and Warren, 2002; Zeil et al., 2008) . Consequently, any experiment developed for a species can be adjusted to and reused with another one to find out any similarities or discrepancies between the species. Not all common visual strategies from flying insects, animals such as birds, or even humans have yet been discovered and these should be investigated by a biorobotic approach or a transdisciplinary approach over the next decade. In addition, recent developments in insect-like robots (Fuller et al., 2014; Shyy et al., 2015) will, in the near future, allow bioroboticists to test biological hypotheses at the scale of flying insects.
